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Introduction

Although most currently employed implant materials (polymers,
carbon fibers, metals) are biocompatible, that is, nontoxic and
stable against degradation in the organism, an insufficient
integration into the surrounding tissue often occurs. Fibrous
capsule formation and inflammation prevent the generation of a
stable implant-to-tissue binding. Limited acceptance of materi-
als in tissues is due to improper mechanical contact between
implant surface and the cells of the regenerating tissue. In the
case of bone implants, a strong mechanical contact between
bone tissue produced by osteoblasts and the implant surface is
required for integration.

Coating of implant surfaces with cell-adhesive molecules
provides a strong mechanical contact between cells and the
surface. Cell adhesion is mediated by integrins,[1] a class of
heterodimeric transmembrane cell receptors that bind selec-
tively to different proteins of the extracellular matrix (ECM).[2]

Binding of ECM proteins often effects a signal transduction,[3±7]

for example, cell proliferation and apoptosis are two contrary
effects that are both integrin-dependent. It is known that the cell
types of different tissues express a different, cell-specific integrin
pattern and that some cell types change their integrin pattern
during their lifetime. The advantage of coating surfaces with
ECM proteins such as fibronectin, vitronectin, or collagen[8] is the

selectivity of these proteins towards specific integrin receptors.
Therefore, certain cell types will selectively bind to their favorite
ECM protein. Furthermore, ECM proteins do not cause any
harmful side effects as they are the natural integrin ligands. The
disadvantages, however, are: the difficulty of obtaining a stable
attachment to the material, their immunogenicity, relatively high
costs, large molecular weight, instability towards enzymatic
degradation in the organism, as well as problems with
sterilization.

Another approach to coating surfaces uses small peptides
containing only the binding sequence of the natural protein
ligands for surface coating.[9±24] The advantage of using small

[a] Prof. Dr. H. Kessler, M. Kantlehner, Dr. D. Finsinger
Institut für Organische Chemie und Biochemie
Technische Universität München
Lichtenbergstrasse 4, 85747 Garching (Germany)
Fax : (�49) 89-289-13210
E-mail : kessler@ch.tum.de

[b] P. Schaffner, Dr. J. Meyer, Dr. B. Nies
Merck Biomaterial GmbH, Forschung
Frankfurter Strasse 250, 64271 Darmstadt (Germany)

[c] Dr. A. Jonczyk, B. Diefenbach, Dr. G. Hölzemann, Dr. S. L. Goodman
Merck KGaA, Präklinische Forschung
Frankfurter Strasse 250, 64271 Darmstadt (Germany)

The physiological inertness of synthetic implant materials often
results in insufficient implant integration and limited acceptance of
implants in tissues. After implantation the implant surface is often
separated from the surrounding healthy and regenerating tissue,
for example by a fibrous capsule. To avoid this host-versus-graft
reaction, a strong mechanical contact between tissue and implant
must be ensured. An enhanced contact between graft and the
surrounding tissue can be provided by coating the implant with
cell-adhesive molecules. The highly active and avb3- and avb5-
integrin-selective peptide c(-RGDfK-) (f� D-phenylalanine) was
functionalized with various linker molecules containing an acryl-
amide end group by using the lysine side chain of c(-RGDfK-). The
acrylamide group can be used to bind the peptide covalently to
poly(methyl methacrylate) (PMMA) surfaces. The coated surfaces
effectively bind to murine osteoblasts as well as human osteoblasts

in vitro when a minimum distance of 3.5 nm between surface and
the constrained RGD sequence is provided. In contrast to
osteoblasts in cell suspension, surface-bound osteoblasts show no
apoptosis but proliferate by a factor of 10 over a 22 d period.
Coating of inert implant surfaces with highly active and av-
selective peptides affords a marked improvement in osteoblast
binding over current technologies. In vivo studies show that
peptide-coated PMMA pellets implanted into the patella groove of
rabbits are integrated into the regenerating bone tissue faster and
more strongly than uncoated pellets.
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peptides is the ease with which they can be synthesized and
handled and their low immunogenic activity. On the other hand,
small peptides often have lower binding activity and selectivity
for distinct integrin subtypes. Linear peptides are also easily
enzymatically cleaved. Over the last decade, highly active and
avb3- and avb5-integrin-selective cyclic pentapeptide ligands
such as c(-RGDfX-) have been developed.[25±29] It has been
demonstrated that in addition to the RGD binding sequence a
D-amino acid, especially D-Phe following the Asp residue in the
cyclus, is essential for high activities and av selectivities. Cyclic
pentapeptides with D-amino acids in other positions and/or a
nonhydrophobic amino acid following Asp as well as linear
peptides have lower activity and are less selective towards av

integrins.[28, 29] Furthermore, the amino acid X in position 5 has
no significant influence on the selectivity and activity of the
peptides towards the avb3 and avb5 integrins. Therefore,
c(-RGDfK-) was used as the ligand because this peptide can
easily be functionalized through the e-amino group of the lysine
side chain. After preliminary studies of coating bovine serum
albumin (BSA) surfaces by using thiol anchors, we aimed for a
direct attachment of the peptides to frequently used biomate-
rials such as PMMA. The peptides were bound to the polymer
through an acrylamide function that served as an anchor.[30]

Results

Integrin pattern of osteoblasts

The integrin patterns of primary human osteoblasts, primary
human osteoprogenitor cells, primary rat osteoblasts, and
MC3T3-H1 mouse osteoblasts were investigated by fluores-
cence-activtated cell sorting (FACS) analysis using antibodies
labeled with fluorescein isothiocyanate (FITC) (LM 609 for avb3

integrin, P1F6 for avb5 integrin). Figure 1 shows avb5 and

Figure 1. avb3 and avb5 integrin expression of different osteoblast cell cultures
determined by FACS analysis with two different antibodies (antibody (ab)
LM 609� anti-avb3 , ab P1F6� anti-avb5). The following osteoblast cultures were
used : M21 (human melanoma cell culture, avb3- and avb5-positive control cell
culture), M21L (human melanoma cell culture, av-deficient, avb3- and avb5-
negative control cell culture), HOB (primary human osteoblasts), ROB (primary rat
osteoblasts), and HOP (primary human osteoprogenitor cells).

avb3 integrin expression by osteoblasts. Hence, the osteoblast
cultures used in this study should be able to bind the avb3- and
avb5-selective integrin ligand c(-RGDfK-).

Osteoblast-binding properties of surface-bound c(-RGDfK-)

For the first osteoblast-binding studies, maleimide-functional-
ized BSA surfaces were grafted with two thiol-modified deriv-
atives of c(-RGDfK-) (Figure 2). Peptide P1 contains a (3-
mercapto)propylamide linker (!1) and peptide P2 a succinyl

Figure 2. Different thiol linkers used for covalent linking of RGD cyclopeptides to
BSA-coated surfaces. The linkers 1 and 2 are coupled to the highly active and
selective ligand c(-RGDfK-), linker 3 to the weaker ligand c(-RGDEv-).
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cysteamide linker (!2). Both peptides stimulate binding of
primary human osteoblasts, primary human osteoprogenitor
cells, primary rat osteoblasts, and MC3T3-H1 mouse osteoblasts
to the BSA surfaces (Figures 3 ± 5). The cell adhesion rate

Figure 3. Dependence of the cell adhesion rate of different osteoblast cultures on
the amount of peptide (thiol peptide P1 with c(-RGDfK-) as the ligand) in the
coating solution. M21L human melanoma cells, which do not express avb3 or avb5

integrin receptors, do not bind to the surface.

(expressed as a percentage; ratio of the number of adherent
cells�100 to the number of seeded cells) increases with the
peptide concentration in the coating solution. Encouraging
values of 70 ± 100 % adhesion, depending on the osteoblast
type, were obtained by using peptide concentrations of >10 mM

with about 50 000 seeded cells per cm2 of surface. Furthermore,
cyclopeptide c(-RGDEv-) (v� D-valine) containing linker 3 (P3),
that is, an aminohexanoic acid spacer and a cysteamine anchor
(Figure 2) at the glutamic acid residue, was synthesized. The only
difference between this compound and the peptide used for
grafting BSA surfaces in other studies[10] is the cysteamine anchor
instead of a cysteinamide anchor. This modification should not
have any effect on the activity of the RGD cyclus but is essential
for receiving a linker comparable to
linkers 1 and 2. Figure 4 shows that
c(-RGDfK-) is much more effective in
binding osteoblasts to BSA surfaces than
c(-RGDEv-). Receptor-binding studies
with soluble integrins demonstrated that
c(-RGDfK-) is a stronger ligand for the
avb3 and avb5 integrin receptors by a
factor of 5 and 3, respectively, than
c(-RGDEv-).

To prove the validity of the cell-binding
assay the melanoma cell line M21L was
used as a negative control. The reason for
the use of M21L cells is their deficiency in
the expression of av receptors. As these
melanoma cells show no cell-binding
capacity at all on surfaces coated with
av-selective RGD peptide (Figure 3), it can
be concluded that the observed cell

Figure 4. Effect of peptide sequence and linker length on the adhesion of MC3T3-
H1 mouse osteoblasts. The thiol peptides P1 and P2 contain c(-RGDfK-) as a
highly active and selective integrin antagonist, thiol peptide P3 contains
c(-RGDEv-) as a ligand, the thiol peptide control contains b-alanine instead of
glycine [!c(-R(bA)DfK-) ] and is inactive.

adhesion phenomena in this system are completely dependent
on the selective peptide and are not affected by other non-
specific cell-binding processes. To prove that the cell adhesion is
mediated by c(-RGDfK-), the osteoblasts were pretreated with
dissolved c(-RGDfK-). They could be inhibited from binding to
the surface depending on the concentration of the dissolved
peptide (Figure 6). Additionally, as a negative control, BSA
surfaces were coated with the control peptide c(-R(bA)DfK-), in
which the introduction of a single methylene group (b-alanine
substitution for glycine) eliminates any binding activity towards
the av integrin receptors. As expected, no cell adhesion was
observed in this case (Figure 4).

Coating of PMMA surfaces with c(-RGDfK-)

Coating of PMMA surfaces with avb3-/avb5-selective integrin
ligands was achieved by functionalization of c(-RGDfK-) with

Figure 5. Optical microscopy image of MC3T3-H1 mouse osteoblasts (dark) attached on BSA surfaces that
were coated with thiol peptide P1. The peptide concentration in the coating solution was between 0.01 and
1000 mM.
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Figure 6. Dose-dependent inhibition of osteoblast binding to surfaces coated
with thiol peptide P1 by dissolved c(-RGDfK-) in various concentrations.

various-linker molecules containing an acrylamide anchor
(Figure 7). These peptides were attached onto PMMA surfaces
with camphorquinone. The coated surfaces were washed several
times before treating with cells. PMMA bone cement was coated

Figure 7. Different acrylamide linkers used for linking peptides to PMMA
surfaces. They differ in length as well as in their hydrophilicity/hydrophobicity
profile.

with a peptide containing aminohexanoic acid as a spacer
between the RGD cyclus and acrylic acid (Figure 7), but these
surfaces did not bind osteoblasts (Figure 8). It was therefore
concluded that the distance between the PMMA surface and the
RGD-binding sequence was too small for an integrin-mediated
binding of cells to the c(-RGDfK-) ligand. Thus, three peptides
containing longer spacers with different lipophilicity/hydrophi-
licity profiles were synthesized (Figure 7): One spacer contains
two aminohexanoic acid residues, the other two spacers contain
only one aminohexanoic acid residue but additionally one or
two triethylene glycol aminocarboxylic acid residues.

Figure 8. Effect of linker length on binding of MC3T3-H1 mouse osteoblasts to
acrylamide peptides bound to PMMA. Different acrylamide peptides were tested
which differ only in the nature of the linker (see Figure 7). Linker 4 is too short for
adhesion of osteoblasts.

The latter two spacer types were used to introduce a
hydrophilic glycol moiety close to the peptide to avoid a
hydrophobic adhesion of the whole spacer to the polymer. Bone
cement PMMA surfaces coated with any of these three peptides
bind MC3T3-H1 mouse osteoblasts very effectively (Figure 8). A
significant difference in cell-binding capacity between these
three compounds was not observed. Analogous to the thiol
peptides, cell adhesion rates of 100 % could be achieved by
using peptide concentrations of >10 mM with about 50 000
seeded cells per cm2 of surface. The adherent osteoblasts were
tightly bound to the surface and could not be removed by
washing or shaking. Figure 9 shows an optical microscopy image
of MC3T3-H1 mouse osteoblasts adhered to PMMA surfaces
coated with c(-RGDfK-). It is obvious that the osteoblasts adhere
poorly to noncoated PMMA surfaces. Cells attached to coated
surfaces are forming focal adhesions and are stretched at the

Figure 9. Optical microscopy image of MC3T3-H1 mouse osteoblasts (dark)
attached on uncoated PMMA surfaces (top) and on PMMA bone cement treated
with acrylamide peptide P6 (bottom). The peptide concentration in the coating
solution was 100 mM. While the lower image is representative for the coated
surface, the upper image shows the only area of the untreated surface where cell
adhesion was observed at all.
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surface in a typical manner, whereas the shape of cells attached
to noncoated surfaces is spherical. Observing surface-bound
osteoblasts over a period of 22 d, it was found that the adherent
cells proliferated during this time, whereas cells not bound to
surfaces died after a few days. Figure 10 shows the proliferation
rate of adherent osteoblasts over a 22 d period. After this time,
the number of osteoblasts has increased by a factor of 10, so that
the PMMA surface is completely covered.

Figure 10. Stimulated proliferation of PMMA-attached MC3T3-H1 mouse os-
teoblasts over a time span of 22 d as a function of ligand density (acrylamide
peptide P6) on the surface compared to an untreated control surface.

The osteoblast phenotype of the osteoblast cultures was
proven by the differentiation markers alkaline phosphatase
(histochemical enzyme assay) and by expression of collagen
type I (immunofluorescence).

Animal studies with a rabbit model showed an induction of
enhanced and accelerated cancellous bone ingrowth for the
RGD-peptide-coated porous implants. Newly formed bone
directly contacts the implant surface, and in fact an ingrowth
of bone tissue towards the center of the porous implant was
visible (Figure 11 A). In contrast, uncoated implants were sepa-
rated from newly formed bone by a fibrous tissue layer
(Figure 11 B), which prevented the formation of a direct im-
plant ± bone bonding.

Discussion

The thiol peptides P1 and P2 are much more effective in binding
osteoblasts to BSA surfaces than the thiol peptide P3.[10] This was
expected as cyclic RGD peptides possess different activities and
selectivities towards specific integrin receptor subtypes. It is well
established that D-amino acids induce preferred conformations
when they are incorporated into a cyclic peptid. RGD pentapep-
tides in which the D-amino acid follows Asp induce a conforma-
tion of the RGD sequence that is best recognized by avb3 and
avb5 integrins. Additionally, a hydrophobic residue in this
position, such as Phe, contributes to activity and selectivity.
Therefore, c(-RGDEv-) is expected to be a weaker binder than
c(-RGDfK-) in any application that involves binding to avb3 or
avb5 integrins. This was proven by comparing the binding

Figure 11. Cross-section of implanted PMMA implants (staining according to
Goldner-Masson[52] ). Top: RGD-peptide-coated PMMA implant (magnification
16� ). Bottom : Uncoated PMMA implant (magnification 16� ). Color index :
white : PMMA beads ; green ± blue : already existing bone and newly formed bone
(visible in the top image around the PMMA beads), light brown: newly formed
osteoid, a bone precursor, dark brown: fibrous tissue.

activities of c(-RGDfK-) and c(-RGDEv-) towards isolated avb3 and
avb5 integrins: c(-RGDfK-) binds more strongly to avb3

and avb5 integrins by a factor of 5 and 3, respectively, than
c(-RGDEv-).

For coating BSA surfaces with thiol peptides or PMMA surfaces
with acrylamide peptides, a critical minimum distance of about
3.5 nm between surface and RGD pharmacophor was found to
be essential for effective cell adhesion. The hydrophilicity/
hydrophobicity profile of the spacer has no significant influence
as the peptide with the linker 5 binds osteoblasts nearly as well
as the peptides with the linkers 6 or 7 (Figure 8). Analysis of the
cell adhesion rates as a function of the peptide concentration
(Figures 3, 5, 8) shows a sigmoidal shape for all curves. There-
fore, it can be concluded that there is a critical minimum density
of integrin ligands bound to the surface below which no cell
adhesion can be observed. Beyond the minimum density a direct
dose-dependent increase of cell adhesion with the ligand
density can be observed until the maximum value of 100 % is
reached (values above 100 % are due to errors in the measure-
ment). The slight decrease in cell binding at high ligand coatings
may result from a negative effect of neighboring ligands on
binding.
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The observation that osteoblasts bound to the surface also
proliferate, whereas suspended cells die within a few hours,
confirms previous observations by Chen et al.[31] They proved
that integrin-mediated cell adhesion to surfaces can suppress
apoptosis when the surface is large enough to allow cells to
spread. If the surface area is too small, cells die even if they are
adherent. In the experiments reported here no spatial limitation
for cell spreading exists, and apoptosis is prevented.

As shown in the animal studies, the use of tailor-made RGD
peptides is an attractive strategy for generating implants with a
special biological information. This strategy is not only useful for
bone replacements, it might also be an important contribution
to tissue engineering.

Conclusion

A simple but very efficient method for the biofunctionalization
of PMMA surfaces has been developed. This technique can find
medical applications in the development of modern implants to
prevent host-versus-graft reactions. In contrast to other techni-
ques in which surfaces are coated with whole proteins, small
highly active and selective cyclic peptides that contain the RGD-
binding sequence in the bioactive conformation were used for
coating. The peptides chosen exhibit highest activity for avb5

and avb3 integrin binding and have a very low affinity for the
aIIbb3 integrin. They were covalently bound to PMMA surfaces
through an acrylamide anchor and bind osteoblasts selectively
by interactions with their integrin receptors. In vitro, osteoblasts
tightly attach to coated surfaces and proliferate, thereby forming
a homogeneous cell layer at the polymer surface. In vivo, PMMA
pellets coated with c(-RGDfK-) are integrated faster and more
strongly into regenerating bone tissue of rabbits than uncoated
pellets. These results demonstrate an attractive strategy for the
development of cell-free and bioactive implants that carry the
biological information for the selective activation of those target
cells that are needed for selective tissue regeneration.

Experimental Section

General : Amino acids and coupling reagents were purchased from
Novabiochem, 9-Fluorenylmethoxycarbonyl(Fmoc)-[2-(2-amino-
ethoxy)ethoxy]acetic acid from PerSeptive Biosystems, and solid-
phase resin from Pepchem. All other chemicals were purchased from
Aldrich, Sigma, or Fluka. Semipreparative HPLC was performed on a
Beckmann instrument (system gold, solvent delivery module 126, UV
detector 166) using a YMC ODS 120 ± 5C18 column (5 mm, 20�
250 mm), with a flow rate of 6 mL min-1. The eluant was 0.1 %
trifluoroactic acid (TFA) in various acetonitrile ± water gradients.
HPLC ± MS analyses were performed on a Hewlett Packard Series
HP 1100. A YMC ODS-A 120-3C18 column (3 mm, 2� 125 mm) with a
flow rate of 0.2 mL minÿ1 and a Macherey & Nagel CC 125/2 Nucleosil
100-5C18 column (5 mm, 2� 125 mm) with a flow rate of
0.3 mL minÿ1 were used. The eluant was 0.1 % formic acid in an
acetonitrile ± water gradient (10!50 % acetonitrile in water over
15 min). ESI-MS measurements were performed on a Finnigan LCQ
instrument. NMR spectra were recorded with a Bruker AC250
spectrometer.

Peptide synthesis

Cyclic peptides : The cyclic peptides were synthesized by a combined
solid-phase ± solution methodology: Linear peptides were synthe-
sized by using the Fmoc strategy[32] on tritylchloride ± polystyrene
(TCP) resin.[33, 34] Amino acids were coupled stepwise with O-(1H-
benzotriazol-1-yl)-N,N,N',N'-tetramethyluronium tetrafluoroborate
(TBTU) and 1-hydroxybenzotriazole (HOBt) as coupling reagents.
Permanent protecting groups were 4-methoxy-2,3,6-trimethylben-
zolsulfonyl (Mtr) for Arg, tert-butyl (tBu) for Asp, and benzyloxycar-
bonyl (Z) for Lys and Glu. Cyclization of the linear peptides was
performed in solution with diphenylphosphoryl azide (DPPA)[35, 36]

and NaHCO3.

Thiol peptides : Reaction of c(-R(Mtr)GD(OtBu)fK-) with succinic
anhydride followed by coupling of S-tritylcysteamine[37] with N-
ethyl-N,N'-(dimethylaminopropyl)carbodiimide hydrochloride (EDCI ´
HCl) and deprotection with TFA/H2O/1,2-ethanedithiol (90:5:5)
yielded the thiol peptide P1,[37] reaction of c(-R(Mtr)GD(OtBu)fK-)
with N-succinimidyl-S-tritylmercaptopropionate followed by analo-
gous deprotection yielded the thiol peptide P2.[37] Both peptides
were purified by HPLC. S-trityl-protected thiol linker 3 was synthe-
sized using standard procedures of peptide chemistry.[38] . Analytical
data for 3 : 1H NMR (250 MHz, [D6]DMSO, 27 8C): d�7.45 ± 7.10 (m,
15 H; Trt), 5.55 (m, 1 H; NH), 3.05 (q, 3J(H,H)�6 Hz, 2 H; CH2-NHCO),
2.65 (t, 3J(H,H)� 7 Hz, 2 H; CH2-N), 2.35 (t, 3J(H,H)�6 Hz, 2 H; CH2-S),
2.05 (t, 2 H; CH2-CONH), 1.80 (s, 2 H; NH2), 1.65 ± 1.25 (m, 6 H; (CH2)3-) ;
MS (ESI): m/z (%): 243.1 (100) [Trt]� , 433.0 (5) [M�H]� , 455.1 (7)
[M�Na]� . 3 was coupled to c(-R(Mtr)GD(OtBu)Ev-) with EDCI ´ HCl.
Purification by HPLC, deprotection with TFA/H2O/1,2-ethanedithiol
(90:5:5), and further purification by HPLC yielded thiol peptide P3.
Analytical data for P3 : HPLC ± MS (ESI): m/z (%): 365.6 (22) [M�2 H]2�,
384.6 (7) [M�H�K]2�, 729.6 (100) [M�H]� , 751.6 (8) [M�Na]� , 767.5
(5) [M�K]� .

Acrylamide peptides : The linkers 4 and 5 were synthesized in solution
according to Pless et al.[39] The linkers 6 and 7 were synthesized by
solid-phase synthesis using the Fmoc strategy coupling linker 4 as
the last building block. The 1H NMR data of linker 4 agree with those
reported in the literature.[39] Analytical data for 5 ± 7: 5 : 1H NMR
(250 MHz, [D6]DMSO, 27 8C): d� 8.03 (m, 1 H; NH), 7.70 (m, 1 H; NH),
6.16 (dd, 3J(H,H)�17, 10 Hz, 1 H; �CH), 6.03 (dd, 3J(H,H)� 17 Hz,
2J(H,H)� 2.5 Hz, 1 H; CH2�), 5.53 (dd, 3J(H,H)� 10 Hz, 2J(H,H)� 2.5 Hz,
1 H; CH2�), 3.15 ± 2.95 (m, 4 H; N-CH2), 2.17 (t, 3J(H,H)� 7 Hz, 2 H; CH2-
COO), 2.02 (t, 3J(H,H)� 7 Hz, 2 H; CH2-CON), 1.55 ± 1.15 (m, 12 H;
(CH2)3) ; MS (ESI): m/z (%): 299.2 (17) [M�H]� , 321.2 (97) [M�Na]� ,
337.2 (100) [M�K]� . 6 : 1H NMR (250 MHz, CDCl3, 27 8C): d�6.87 (m,
1 H; NH), 6.43 (m, 1 H; NH), 6.25 (dd, 3J(H,H)�17 Hz, 2J(H,H)� 2 Hz,
1 H; CH2�), 6.11 (dd, 3J(H,H)�17, 10 Hz, 1 H; ÿCH�), 5.62 (dd,
3J(H,H)� 10 Hz, 2J(H,H)� 2 Hz, 1 H; CH2�), 4.12 (s, 2 H; O-CH2-COO),
3.73 ± 3.23 (m, 10 H; CH2-CH2-O, N-CH2 ), 2.22 (t, 3J(H,H)� 7 Hz, 2 H;
CH2-CON), 1.70 ± 1.27 (m, 6 H; (CH2)3) ; MS (ESI): m/z (%): 331.2 (100)
[M�H]� . 7: 1H NMR (250 MHz, CDCl3, 27 8C): d� 7.30 (m, 2 H; NH), 6.67
(m, 1 H; NH), 6.25 (dd, 3J(H,H)�17 Hz, 2J(H,H)� 2 Hz, 1 H; CH2�), 6.11
(dd, 3J(H,H)�17, 10 Hz, 1 H; CH�), 5.62 (dd, 3J(H,H)�10 Hz, 2J(H,H)�
2 Hz, 1 H; CH2�), 4.13 (s, 2 H; O-CH2-COO), 3.99 (s, 2 H; O-CH2-CON),
3.80 ± 3.25 (m, 18 H; CH2-CH2-O, N-CH2), 2.20 (t, 3J(H,H)� 7 Hz, 2 H;
CH2-CON), 1.75 ± 1.27 (m, 6 H; (CH2)3) ; MS (ESI): m/z (%): 476.2 (100)
[M�H]� , 498.3 (60) [M�Na]� , 514.3 (21) [M�K]� . The linkers were
coupled to c(-R(Mtr)GD(OtBu)fK-) in solution with O-(7-azabenzo-
triazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate
(HATU), 1-hydroxy-7-azabenzotriazole (HOAt), and collidine. The
resulting acrylamide peptides P4 ± P7 were purified by HPLC and
deprotected with TFA/H2O (95:5). Analytical data for acrylamide
peptides P4 ± P7: P4 : HPLC ± MS (ESI): m/z (%): 771.4 (100) [M�H]� ,
793.4 (8) [M�Na]� , 809.3 (5) [M�K]� . P5 : HPLC ± MS (ESI): m/z (%):
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884.7 (100) [M�H]� , 906.5 (7) [M�Na]� . P6 : HPLC ± MS (ESI): m/z (%):
916.5 (100) [M�H]� , 938.6 (7) [M�Na]� . P7: HPLC ± MS (ESI): m/z (%):
1061.7 (100) [M�H]� , 1083.6 (7) [M�Na]� . All peptides were finally
characterized by 1D 1H NMR spectroscopy (250 MHz), and the
expected spectra were obtained.

Receptor binding assays : Vitronectin and fibrinogen from human
plasma were prepared as described by Mitjans et al. ;[40] aIIbb3 was
purified from outdated thrombocytes,[41] avb3 was obtained from
term human placenta.[42] The integrins were >95 % pure as
determined by SDS-PAGE and by an enzyme-linked immunosorbant
assay (ELISA). Receptor inhibition assays were performed as descri-
bed by Haubner et al.[43]

Cell culture : Primary human osteoprogenitor cells were isolated
from human bone marrow stromal cells as described by Vilamitjana-
Amedee et al.[44] The osteogenic potential of the cells was stimulated
by addition of dexamethasone (10ÿ8 M) to the culture medium
(culture conditions: Iscove's modified Dulbecco's medium (IMDM),
10 % fetal calf serum (FCS); humidified atmosphere, 10 % CO2 , 37 8C).
Primary human osteoblasts were kindly provided by Siggelkow
et al.[45] (culture conditions: Dulbecco's modified Eagle medium
(DMEM), 58.5 mg mLÿ1 glutamine, 10 % FCS; humidified atmosphere,
5 % CO2 , 37 8C). Primary rat osteoblasts were isolated according to
Yagiela and Woodbury[46] (culture conditions: DMEM, 58.5 mg mLÿ1

glutamine, 100 mg mLÿ1 penicillin, 100 mg mLÿ1 streptomycin, 10 %
FCS; humidified atmosphere, 5 % CO2, 37 8C). Mouse calvaria
osteoblastic cells of the line MC3T3-H1 were kindly provided by
Heermeier et al.[47] (culture conditions: DMEM, 25 mM 2-[4-(2-hydroxy-
ethyl)-1-piperazinyl] ethanesulfonic acid (HEPES), 100 mg mLÿ1 pen-
icillin, 100 mg mLÿ1 streptomycin, 10 % FCS; humidified atmosphere,
5 % CO2, 37 8C). Human melanoma cells of the line M21L were kindly
provided by Cheresh et al. (culture conditions: Rosswel Park
Memorial Institute (RPMI) 1640 medium, 10 % FCS, 2 mM L-glutamine,
and 50 mg mLÿ1 gentamicin; humidified atmosphere, 7.5 % CO2 ,
37 8C). The human melanoma cell line M21 is a polyclonal line
isolated from lymph nodes and the M21L cell line is an av-deficient
M21 subpopulation called M21 Low. All cell culture components
were ordered from GIBCO (UK).

Analysis of cellular integrin expression : The integrin expression
patterns of the different osteogenic cells were measured with a
Becton ± Dickinson fluorescence-activated cell sorter (FACS). The cells
were adjusted to 1� 106 cells mLÿ1, washed twice with 1 % (w/v) BSA
in phosphate-buffered saline (PBS), and analyzed by using fluores-
cently labeled antibodies against avb3 integrin (ab LM 609,[48] isolated
from mouse ascites and kindly provided by Dr. D. A. Cheresh, The
Scripps Research Institute, La Jolla, USA) and avb5 integrin (ab P1F6,
isolated from mouse ascites and kindly provided by Merck KGaA).

RGD peptide coatings : The covalent coating of the thiol peptides
onto BSA-coated cell culture plates (48 wells) was carried out
according to Ruoslahti et al.[49] Peptides were diluted from 103 mM to
10ÿ3 mM and linked to BSA with sulfosuccinimidyl 4-(p-maleimido-
phenyl)butyrate (Pierce) in a concentration of 1 mg mLÿ1. The
covalent grafting of prepolymerized PMMA discs with peptides
was performed by incubation with a solution of the acrylamide
peptide in DMSO and successive addition of isopropyl alcohol with
0.2 % (w/v) camphorquinone at peptide concentrations ranging from
102 mM to 10ÿ4 mM under UV radiation for 2 h.

Cell adhesion assay : The cell adhesion assays were performed as
described by Landegren et al.[50] Osteoblasts were seeded on the
substrate at a density of 50 000 cells per well. The cells were allowed
to adhere for 1 h under standard tissue culture conditions (i. e. , 37 8C,
5 % CO2) in culture medium containing 1 % BSA (w/v). After another
2 h the wells were washed three times with PBS (pH 7.4) to remove

nonadherent cells. Attached cells were quantified by an ELISA
detecting the lysosomal enzyme hexosaminidase. The amount of
colored product was measured with an ELISA reader (SLT Rainbow) at
405 nm. Results are given as the percentage of the total number of
cells seeded (which is considered as 100 % of cell adhesion), which is
defined as the plating efficiency. For competitive cell adhesion
assays, the cells were preincubated with dissolved RGD peptides of
different concentrations for 15 min and then incubated on the RGD-
peptide-coated surface as described above. In all experiments, the
mean value of each point given in the figures is the result of triplicate
determinations, the error bars represent standard deviations. The
number of identical but independent in vitro experiments was at
least three.

Cell proliferation assay : Proliferation was observed by using the
WST-1 colorimetric test, which measures mitochondrial dehydrogen-
ase activity by formazan reaction. 12 500 cells per well were seeded
under serum-free conditions (DMEM, 25 mM HEPES, 0.1 %BSA (w/v) in
PBS) on the different surfaces. After 2 h of treatment under standard
culture conditions the cells were washed three times to remove
nonadherent cells. Discs were then cultured for 22 d. Exchange of
culture medium was carried out routinely every 3 d. The first
measurement was done after 24 h. The test was performed as
described by Hamasaki et al.[51] The osteogenic cells were incubated
with WST-1 reagent for 4 h at 37 8C. The colored product was
measured over a period of 22 d (on day 1, 2, 3, 4, 5, 10, 15, 22) at
450 nm using an ELISA reader (SLT Rainbow). The osteoblast
phenotype of the osteoblast cultures was proven by the differ-
entiation markers alkaline phosphatase (histochemical enzyme
assay) and by expression of collagen type I (immunofluorescence).
In all experiments, the mean value of each point given in the figures
is the result of triplicate determinations, the error bars represent
standard deviations. The number of identical but independent in
vitro experiments was at least three.

Animal studies : A rabbit model was used for the animal studies.
PMMA implants (8 mm length, 4.6 mm diameter) were made of hard
tissue repair material (HTR; Walter Lorenz, Jacksonville, USA) glued
with monomethyl methacrylate to build interconnective porosity.
RGD-peptide-coated and -uncoated control PMMA implants were
with direct contact to bone (press-fit implantation) implanted into
the patella groove with the diamond bone cutting system (DBCS)
from Merck Biomaterial GmbH (Germany). After two weeks the
implants were removed, and newly formed bone was examined by
analyzing cross-sections with a histological staining method accord-
ing to Goldner-Masson.[52] The animal study results represent six
implants of each group in six animals.
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